Intrapericardial drug delivery is a promising procedure, with the ability to localize therapeutics with the heart. Gelfoam particles are nontoxic, inexpensive, nonimmunogenic and biodegradable compounds that can be used to deliver therapeutic agents. We developed a new percutaneous approach method for intrapericardial injection, puncturing the pericardial sac safely under fluoroscopy and intravascular ultrasound (IVUS) guidance. In a porcine model of myocardial infarction (MI), we deployed gelfoam particles carrying either (a) autologous mesenchymal stem cells (MSCs) or (b) an adenovirus encoding enhanced green fluorescent protein (eGFP) 48 h post-MI. The presence of MSCs and viral infection at the infarct zone was confirmed by immunoflourescence and PCR. Puncture was performed successfully in 16 animals. Using IVUS, we successfully determined the size of the pericardial space before the puncture, and safely accessed that space in setting of pericardial effusion and also adhesions induced by the MI. Intrapericardial injection of gelfoam was safe and reliable. Presence of the MSCs and eGFP expression from adenovirus in the myocardium were confirmed after delivery. Our novel percutaneous approach to deliver (stem-) cells or adenovirus was safe and efficient in this pre-clinical model. IVUS-guided delivery is a minimally invasive procedure that seems to be a promising new strategy to deliver therapeutic agents locally to the heart. Gene Therapy (2011) 18, 979-985;
INTRODUCTION
One of the major challenges in the pharmacological treatment of heart diseases is to achieve delivery of suitable concentrations of therapeutic agents to the specific target site. 1, 2 Various approaches for local delivery to the heart include intramyocardial injections, epicardial deposition, and intracoronary or transvascular application. 3, 4 The efficacy of intramyocardial injection is limited by retention and survival rates of 2% or less. 5 Epicardial deposition of cell-populated sheets is more effective, but is highly invasive. 4 In the setting of vascular obstruction, such as myocardial infarction (MI), reduced local blood supply can significantly impair targeted agent delivery via the vasculature. Therefore, the development of a local, minimally invasive delivery system independent of the vascular status may offer an attractive alternative to existing delivery strategies.
The pericardium encloses the whole heart, creating a small and relatively isolated fluid-filled compartment; in sheep the pericardial fluid volume is about 8 ml, with an estimated turnover time ranging from 5.4 to 7.2 h. 6 This enclosed space offers an ideal candidate for local delivery of a number of agents to the heart. For example, nitric oxide donors were successfully applied to this area and demonstrated a systemic effect. 7 Furthermore, adenoviral-mediated gene transfer applied to the pericardium induced sustained VEGF165 expression in the myocardium. 8 In a study by Lazarous et al. 9 pericardial administration of basic fibroblast growth factor resulted in substantial cardiac basic fibroblast growth factor delivery, as 19% of the substance was present in the heart compared with 0.5% using traditional intravenous administration. In a rabbit model, the presence of basic fibroblast growth factor in the intrapericarial sac enhanced new epicardial small-vessel growth. 10 Even a single intrapericardial injection of basic fibroblast growth factor in a porcine model of MI resulted in functionally significant myocardial angiogenesis. 11 Given that these agents have been successfully applied to the pericardial sac with single injections, prolonged delivery of these agents might prove to be even more beneficial.
Gelfoam is a Food and Drug Administration approved absorbable sponge material that is clinically used in surgical and interventional procedures as a hemostatic substrate; it is inexpensive and nonallergenic. 12 It is prepared from purified pork skin gelatin granules by a thermal treatment method. Gelatin sponge particles have been used for almost 40 years in interventional radiology as a temporary occlusive agent. 13 When in contact with water the polymer swells but it does not dissolve, 14 whereas when in contact with soft tissues in vivo it is absorbed in 4 to 6 weeks. 12 When combined with poly(lactic-co-glycolic acid) microspheres, implanted gelfoam sponges carrying paclitaxel enabled slow and continuous release because of the biodegradable properties of the sponge, and released microspheres were successfully detected in the lymphatic system of the animal. 15 In vivo gelatin sponges with beta-tri-calcium phosphate were even shown to retain bone morphogenetic protein-2 over a time period of 28 days. 16 These release properties make gelfoam a suitable candidate for drug delivery in the pericardial space.
RESULTS
In preliminary experiments for this study, commercially available gelfoam patches were attached directly to the epicardial surface during a small, lateral thoracotomy. This approach led to severe adhesions to the lung and other structures of the chest cavity ( Figure 1a) . Therefore, we turned our attention to manufacturing gelfoam particles and establishing a safe route of administration.
We created gelfoam particles by rasping a block of gelfoam with a commercially available bone rasp. Particles were collected and gas sterilized before injection. The particles measured between 1 and 4 mm in size. The cotton-like structure of the particles became visible under light microscopy ( Figure 1b) . When in contact with water the gelfoam transformed into a thick, slurry paste that was pumped rapidly several times between two connected 10 ml syringes.
To determine whether the gelfoam would dissolve in pericardial fluid in vitro, we harvested fresh samples of pericardial fluid and added gelfoam particles before placing the samples at 38 1C in a shaker in order to simulate the movement of the heart. Control samples were stored at room temperature and in saline solution (Figure 1c) . The gelfoam dissolved completely after about 9 days in the samples that were kept in the incubator. After 14 days of observation, the control samples did not noticeably dissolve.
Before starting the in vivo experiments, we tested the survival of mesenchymal stem cells (MSCs) labeled with enhanced green fluorescent protein (eGFP) in the gelfoam matrix using the methods described above but maintaining the MSC/gelfoam mix in a cell culture dish in the incubator and changing the culture media biweekly. Under these conditions, cells were visible within the three-dimensional structure of the gelfoam for up to 14 days (Figure 1d ).
For our large animal in vivo studies, we developed a flouroscopicguided approach to the pericardial sac (Figure 1e ). The procedure
Gelfoam fibers Figure 1 In preliminary exploratory studies, gelfoam patches applied directly to the epicardial surface of the swine heart lead to severe adhesions (a), left panel depicts gelfoam patches on the epicardial surface at the time of placement; right panel shows adhesions on the epicardial surface of the heart harvested 1 week after the procedure. Sponges of commercially available gelfoam can be rasped into small particles that appear cotton-like under the microscope (b). In vitro gelfoam particles can dissolve in pericardial fluid, but not in saline (c). MSCs within the three-dimensional (3D) scaffold of gelfoam fibers in the cell culture dish (d). The pericardial sac is approached by substernal puncture, safely bypassing the liver under flouroscopic guidance (e). PF, pericardial fluid. We confirmed the presence of the gelfoam in the pericardium by mixing the gelfoam with 50% saline and 50% contrast dye before injection. Fluoroscopic pictures were acquired every 10 min for up to 90 min to assess the amount of leakage after removal of the catheter (Figure 2b) . Leakage occurred to a large extent when only liquid contrast dye was injected. This effect is presumably enhanced by gravity in combination with the higher density of the liquid dye. In contrast, almost no gelfoam was visible in the chest cavity, even when the puncture site was not closed. In order to further improve our approach, we performed these procedures using a Starclose SE vascular closure device (Abbott, Abbott Park, IL, USA) to seal the pericardium. This strategy resulted in elimination of any visible leakage, even after injection of pure liquid contrast dye.
The distribution of the gelfoam in relation to the infarct zone is depicted in Figure 2c . To increase safety of the percutaneous puncture, we further established an intravascular ultrasound (IVUS)-guided approach. The IVUS probe is advanced after the subxiphoid access and positioned next to the pericardial sac at the proposed puncture site (Figure 2c ). The ultrasound probe at the tip of the catheter produces a real-time picture to inspect the size of the space between the heart and the pericardial membrane in diastole and systole ( Figure 3a) . The distance between the heart and the pericardial membrane can become altered from post-infarction effusion (upper panel) or adhesion (lower panel). With this instrument, we were able to visualize a decrease in pericardial space because of severe pericardial effusion ( Figure 3b ) with removal of two times 20 ml of fluid. Statistical analysis showed significant differences in the setting of severe adhesion and pericardial effusion vs the pericardial space of a naive animal in systole (baseline: 2.1 ± 0.2 mm vs adhesion: 0.9±0.08 mm vs effusion: 3.98±1.1 mm; Po0.05) (Figure 3c ).
We performed PCR and immunocytochemistry on the myocardial tissue samples in order to assess the efficacy of our delivery method. Fluorescent microscopy images obtained from tissue harvested one week after MSC delivery (n¼3) demonstrated the successful engraftment of eGFP-labeled MSCs in the peri-infarct area and scar ( Figure 4A ). The presence of MSCs in the peri-infarct area was demonstrated by the presence of clusters of cells stained positive for eGFP.
In the animals that received adenoviral injection, fluorescent microscopy demonstrated the presence of eGFP-positive cells in the epicardial layer of the anterior, peri-infarct area, while no expression was found in other layers of the myocardium ( Figure 4B ). 
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To assess the gene transfer efficiency of a new percutaneous approach method for intrapericardial injection, epicardial layer tissue samples were used to determine eGFP expression by quantitative realtime PCR. As shown in Figure 5 , both groups, the MSC and the adenovirus-injected, express eGFP. The MSC group expresses high levels of eGFP compared with the adenoviral group. Overall, the new percutaneous approach for myocardial delivery is proficient in achieving gene expression both in the mRNA and the protein level in the MSC group and in the mRNA level in the adenoviral group.
DISCUSSION
We sought to develop a minimally invasive strategy to deliver gelfoam as a releasing platform for local biological agents to the heart. As a carrier for therapeutic agents, gelfoam has demonstrated suitable release kinetics in vivo. Therapeutic agents targeting the heart may have unwanted systemic side effects, which could limit their effectiveness. For this reason, developing a method that can localize such biological agents and confine them in an enclosed area is highly desirable. The concept of gelfoam sponges as a carrier for a therapeutic agent targeting an infarcted area of the myocardium was shown previously in a small animal model. 17 We initially adapted this concept from the small animal model to the swine large animal model by attaching gelfoam sponges to the peri-infarcted area with fibrin glue. Performing a large lateral thoracotomy, the heart was stripped from the pericardium and the extent of the infracted area visualized as it was demarcated 48 h after the infarct. The obvious advantage of this method was the exact placement of the patches on the target area. However, accessing the scar and/or infarct area required that we manipulate and lift the heart, which resulted in severe arrhythmia and hypotension. Three out of five pigs died during the procedure from adverse events.
To minimize invasiveness of the procedure and avoid damaging the pericardial sac, we developed a gelfoam particle approach. The cottonlike appearance of the particles explains why they cling together easily when dry, thereby forming larger aggregates. These findings are consistent with the literature 12 that gelfoam swells but does not dissolve in fluids. The observed degradation of these samples in pericardial fluid at body temperature is presumably caused by enzymatic reactions.
Post-injection and 1-month follow-up cardiac echocardiography did not reveal any signs of pericardial effusion. Owing to the minimally invasive character of the procedure, adhesions to other tissues such as the lungs were minimal. The pigs were killed 1 month after injection and the pericardium could be easily dissected from the heart, with minor adhesions present at the apex area of the infarcted left ventricle. Overall, the mortality of the injection in the high-risk period immediately following MI was remarkably low; none of the 16 animals that underwent the puncture died during the procedure.
Using the IVUS system, we were able to quantify the size of the pericardial space. Guidance by IVUS helps ensure the safety of the pericardial puncture. Using this real-time imaging technology, placement of the puncture can be chosen to avoid rare but possible complications in the case of pre-existing adhesions or other reasons that may prevent a safe and effective puncture.
Application of MSCs has been shown in multiple clinical studies to improve cardiac function after MI, 18, 19 although the mechanism are still not fully understood. 20, 21 Transplantation of autologous MSCs, as used in our study, has the advantage of avoiding the immune response or even rejection from the host. 22 After injection of MSCs mixed with 
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gelfoam into the pericardial space, we were able to show evidence of engraftment of these cells in the peri-infarcted area. To our knowledge, this is the first demonstration of pericardial cell transfer using a gelfoam scaffold for stem cells. Recently, Kondoh et al. demonstrated the successful transfer of myoblasts in the setting of dilated cardiomyopathy using a cell sheet applied to the surface of the heart. 4, [23] [24] [25] These approaches underscore the fact that cardiac function can be preserved or improved utilizing cell transfer techniques from the cardiac surface or pericardial sac. Our adenoviral infection led to eGFP expression in the epicardial layer of the anterior and inferior segments of the left ventricle. The adenovirus-injected group shows relatively low expression levels, which nonetheless is in agreement with the literature that adenoviral vectors can only sustain transient expression. The MSC group shows high levels of expression maintained one week after the delivery of the gelfoam particles, which makes the proposed method favorable for cell therapy applications. Effective, but superficial infection of cardiomyocytes with a pericardial approach has been shown before. 26 Nevertheless, we are reporting here the first percutaneous pericardial access in the large animal in combination with viral infection.
A limitation of this study, and the pericardial approach in general, is the fact that a systemic exposure cannot be completely prevented because of lymphatic drainage of the pericardial fluid. 6 Therefore, re-circulation of the labeled MSCs through the vascular system and consecutive migration into the peri-infarcted area might be possible. However, the fact that we used a total occlusion model, with a coil blocking the coronary vessel, makes this rather unlikely compared with the direct migration of cells from gelfoam in contact with the epicardial surface.
CONCLUSION
In this study, we demonstrate for the first time the feasibility of injecting liquified gelfoam particles associated with biological agents into the pericardial space as a potential therapeutic strategy for targeted delivery to the myocardium. Using IVUS guidance for additional safety, this method proved to be successful in delivering MSCs and adenovirus to the infarcted heart. We believe the described percutaneous approach holds great potential for preclinical research where various agents can be delivered to the heart, especially in the field of cardiac cellular therapy.
MATERIALS AND METHODS

Experimental study
The study was performed in accordance with the Guidelines for the Care and Use of Laboratory Animals and was approved by the Subcommittee on Research Animal Care at Mount Sinai School of Medicine. Yorkshire swine were anesthetized using Atropine 0.04 mg kg -1 and Telazol (tiletamine/ zolazepam) 6.0 mg kg -1 . Animals were intubated and ventilated with 100% oxygen. General anesthesia was maintained with Propofol 5 mg kg -1 h -1 throughout the interventional procedures. Surgical procedures such as the bone marrow puncture and the thoracotomy were performed under anesthesia with isoflurane (1-2%) mixed with 98% oxygen. For MI generation, we introduced an 8F sheath into the femoral artery and cannulated the left anterior descending artery with an 8F hockey stick guiding catheter (Cordis Infiniti, Johnson and Johnson, New Brunswick, NJ, USA). After injecting 100 mg nitroglycerin and obtaining a baseline coronary angiogram, we placed a
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Epicardium Endocardium 50µm 50µm 10µm 10µm Fold to Ad-3 Figure 5 Expression levels of eGFP in tissues derived from myocardium injected with gelfoam particles carrying either autologous MSCs or adenovirus carrying the eGFP transgene. Expression levels by two-step quantitative real-time PCR show that the MSC group expresses high levels of eGFP, whereas the adenovirus group shows significant but lower expression. Fold changes were calculated using the lowest expressing sample (Ad3-RBX26) as a reference. 
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Gelfoam particles
We adapted a previously reported controlled release system, 17 consisting of solid gelfoam (Pfizer, New York, NY, USA), for minimally invasive delivery by preparing a gelfoam slurry. As a first step, we tested the ability of gelfoam to dissolve in saline and in pericardial fluid, obtained immediately before incubating it with the gelfoam. The 1 ml plastic tubes (BD, Franklin Lakes, NJ, USA) were stored either at room temperature or in an incubator (37 1C and 5% CO 2 ).
Pericardial injection of gelfoam particles
In order to make this approach suitable for preclinical testing, we developed a percutaneous method of accessing the pericardial space and injecting the liquified gelfoam. Injections were performed 48 h after MI. Under fluoroscopic guidance, we advanced a 18G puncture needle (Cook Medical) under the sternum toward the pericardium. After confirming successful puncture with a small bolus injection of contrast dye, we placed a wire in the pericardial space. After puncture, clear pericardial fluid could be aspirated. Only in a few cases the fluid contained small amounts of blood, which had no implications for the safety of the procedure. We then placed a 5Fr vascular sheath over the wire and thereafter inserted a 5Fr amplatz right catheter and positioned it over the anterior wall of the left ventricle.
Intravascular ultrasound
Measurement of the distance between the pericardial sac and the heart was performed with a Galaxy IVUS catheter (Boston Scientific, Ample Groove, MN, USA). After subxyphoid puncture, the ultrasound probe was advanced over the 5Fr sheath toward the pericardial sac. The procedure was performed under fluoroscopic guidance and during breath-hold.
Porcine bone marrow-derived MSC isolation and labeling
Four weeks before the scheduled gelfoam/stem cell pericardial injection procedure, bone marrow was harvested from the posterior iliac crest of each pig. All surgical procedures were performed with the animals under general anesthesia and maintained on a ventilator. Autologous bone marrow-derived MSCs were isolated and expanded in culture following established protocols. [27] [28] [29] The bone marrow aspirate (12 ml) was processed by density gradient centrifugation with Ficoll Paque-PLUS (GE Healthcare Biosciences, Piscataway, NJ, USA); the buffy coat containing the mononuclear cells was collected, and after wash with Hank's balanced salt solution, and centrifugation at 500 g for 10 min, the cell pellet was resuspended in Dulbecco's modified Eagle's medium low glucose (1 g l -1 ) (Sigma, St Louis, MO, USA) supplemented with 10% fetal bovine serum. Cells were plated on tissue culture treated dishes and maintained at 37 1C and 5% carbon dioxide. The media was changed every 72 h, cells were trypsinized when they reached 80-90% confluency and re-seeded in T-175 flasks with vented cap. When cells reached passage 3, they were labeled to express eGFP via infection with adenovirus carrying the reporter gene eGFP; 72 h after infection, eGFP expression was confirmed under fluorescent microscopy.
Gelfoam/MSC constructs
Gelfoam sponge was used as a scaffold for seeding MSC by an adaptation of previously described protocols. 27, 30, 31 The gelfoam particles (1-4 mm) were placed in a 50 ml polystyrene conical tube with Dulbecco's modified Eagle's medium and hydrated for 2 h on a VariMix Shaker (Thermo Fisher Scientific, Waltham, MA, USA), at room temperature. The culture media was decanted and the gelfoam was dabbed dry on a gauze, and transferred to a 50 ml tube containing a suspension of 6Â10 7 MSC-eGFP-labeled cells in 3 ml of Dulbecco's modified Eagle's medium, and incubated for 2 h at 37 1C and 5% CO 2 . The gelfoam/MSC construct was transferred to a 10 ml syringe by removing and replacing the plunger, and was immediately used for in vivo implantation. For the preliminary in vitro testing the construct was transferred onto a cell culture dish and incubated at 37 1C.
Viral vector
Recombinant adenoviral vectors were produced using standard techniques. 32 Briefly, the eGFP gene was subcloned from the pEGFP-C1 vector (Clontech, Mountain View, CA, USA) to the pShuttle-cytomegalovirus vector of the AdEasy system. 33 The resulting construct, which carries the eGFP gene under the control of the cytomegalovirus promoter, was transformed to BJ5182-AD-1 bacteria (Stratagene, Santa Clara, CA, USA), which are stably transfected with the pAdEasy-1 plasmid, which carries the adenoviral genes necessary for amplification in the HEK293 genes. These pShuttle-cytomegalovirus-eGFP-C1 and pAdEasy-1 plasmids undergo homologous recombination to produce a plasmid construct containing the cytomegalovirus-eGFP-C1 cassette and the adenoviral genes. The resulting construct was transfected to HEK293 cells and the resulting adenoviral preparation was used for four rounds of amplification. The large-scale adenoviral product was purified using CsCl gradient ultracentrifugation and was quantified by plaque assay. 32 The concentration was determined as 10 13 particle-forming units ml -1 .
Intrapericardial delivery and cell tracking
To test the feasibility of using the gelfoam intrapericardial injection as a method of delivery of stem cells, gelfoam/MSC constructs were created using MSC-GFP-labeled cells seeded on gelfoam particles and delivered through a percutaneous approach into the pericardial sac, using a 5Fr catheter. This procedure was performed 48 h after MI creation in three pigs that underwent bone marrow harvest 4 weeks before the planned MSC implantation procedure. One week after gelfoam/MSC implantation the animals were killed. To track the presence of MSC in the myocardium, the heart tissue was harvested and processed for immunohistochemistry and molecular analysis for identification of eGFP-positive cells.
Real-time quantitative reverse transcriptase-PCR
Relative gene expression was determined using two-step quantitative real-time PCR. Total RNA was isolated with TRIzol reagent (Invitrogen, Carlsbad, CA, USA) followed by a clean-up step as described in the RNeasy Isolation kit (Qiagen, Valencia, CA, USA) with on-column DNase I treatment to eliminate contaminating genomic DNA with RNase-free DNase Set (Qiagen). About 1 mg total RNA from each sample was reverse transcribed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA, USA) according to the manufacturer's protocol. Primers for eGFP were designed with the Primer Express software (Applied Biosystems) (forward 5'-TGACCCTG AAGTTCATCTGCACCA-3' , reverse 5'-TCTTGTAGTTGCCGTCGTCCTTG A-3'). Quantitative PCR reactions were performed with Power SYBR Green Master Mix (Applied Biosystems) on an ABI Prism 7500 Real-Time PCR System (Applied Biosystems). The PCR protocol consisted of one cycle at 95 1C (10 min) followed by 40 cycles of 95 1C (15 s) and 60 1C (1 min). Fold changes in gene expression were determined using the DDCt method with normalization to glyceraldehyde 3-phosphate dehydrogenase endogenous control. Immunohistochemistry was performed on frozen tissue sections (10 mm) using anti-GFP rabbit IgG fraction as primary antibody (A11122, Invitrogen) and Texas Red goat anti-rabbit IgG (T2767 Invitrogen) as secondary antibody followed by mounting media containing 4¢,6-diamidino-2-phenylindole.
Statistical analyses
Numeric data are presented as mean ± s.e.m. We tested statistical significance with Student's t-test and analysis of variance using Prism (Graph Pad, La Jolla, CA, USA) software. The a-value was set at 0.05.
